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Abstract 20 
Formation of calcified biominerals is widespread in marine animals and is often associated 21 
with important elements of their biology, such as support and protection. Serpulid 22 
polychaetes are relatively understudied examples of biomineralisation despite their 23 
prominence in many marine ecosystems. An investigation of calcification in the regenerating 24 
opercular plate of the serpulid polychaete Spirobranchus (formerly Pomatoceros) lamarcki 25 
was performed using optical microscopy, calcein labelling and powder diffraction analysis. 26 
Worms were collected between January 2012 and June 2013 from East Sands beach, St 27 
Andrews, Scotland (56.33° N, 2.78° W). The earliest visible signs of calcification were 28 
birefringent grains. Later-stage regenerates displayed a complex mixture of calcified 29 
structures including grains, round, smooth tiles, and larger tiles with a rugged appearance. 30 
The plate matures by the growth and eventual merging of tiles into a contiguous crust. 31 
Calcein pulse-chase experiments showed the progression of calcification from the centre 32 
towards the edge of the plate, and powder diffraction analysis of three regenerative stages 33 
revealed a major shift in mineralogy from a predominantly calcitic to a predominantly 34 
aragonitic composition. The mechanisms underlying the shift are currently unknown. These 35 
are the first mineralogical data comparing different developmental stages in a serpulid 36 
operculum, and contribute to the understanding of biomineralisation in this group.  37 
 3 
 
Introduction 38 
Organisms with mineralised hard parts are cornerstones of many marine ecosystems. 39 
Biomineralisation occurs in phylogenetically diverse organisms and fulfils a wide variety of 40 
functions from skeletal support through defence to feeding. By far the most common 41 
minerals utilised by organisms are the various polymorphs of calcium carbonate, which 42 
makes many ecosystems vulnerable to on-going changes in ocean chemistry. 43 
Calcification is widespread throughout the animal kingdom (Lowenstam and Weiner 44 
1989; Knoll 2003). Calcifying animals include such prominent members of marine 45 
ecosystems as scleractinian corals and calcareous sponges. Within the Bilateria, all three 46 
superphyla (Deuterostomia, Ecdysozoa and Lophotrochozoa) contain lineages with calcified 47 
hard parts. These include echinoderms, enteropneust hemichordates (Cameron and Bishop 48 
2012) and various chordate lineages among the Deuterostomia, crustaceans in the 49 
Ecdysozoa, and molluscs, bryozoans, brachiopods and tube-dwelling annelids in the 50 
Lophotrochozoa. Among lophotrochozoans, molluscs are the best-studied calcifiers by far, 51 
with extensive research on shell structure, mineralogy, development and organic 52 
constituents (for reviews see Lowenstam and Weiner 1989; Addadi et al. 2006; Marin et al. 53 
2007; 2012). However, calcifying annelids also play important roles in marine ecosystems. In 54 
particular, serpulid tubeworms are common throughout  the  world’s  oceans  and  include  55 
prolific reef builders (Bosence 1973; Fornós et al. 1997; Smith et al. 2005; reviewed by Smith 56 
et al. 2013). 57 
Serpulids are an ideal group in which to study calcification for several reasons. They 58 
are ecologically important and affected by changing ocean chemistry (Ries et al. 2009; Ries 59 
2011). All serpulid species secrete tubes made of calcium carbonate. Although early 60 
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serpulids probably made exclusively aragonitic tubes (Vinn et al. 2008a), the composition of 61 
the tubes in terms of CaCO3 polymorphs is highly variable among living species (Vinn et al. 62 
2008b; Smith et al. 2013), and tube ultrastructures range from the very simple to complex, 63 
multi-layered constructions indicative of a highly regulated mineralisation process (Vinn 64 
2013, Vinn et al. 2008b, c; Vinn et al. 2009; Tanur et al. 2010). Furthermore, some serpulid 65 
lineages also possess a second kind of hard part in the form of a calcified operculum, an 66 
anterior appendage the worms use to plug their tubes. The operculum differs from the tube 67 
in its function, in the site of mineralisation, and, in the few cases where comparisons have 68 
been made, in mineralogy and/or ultrastructure (Bubel et al. 1983; Vinn and ten Hove 2011; 69 
Smith et al. 2013). Also, opercula are highly regenerative, making them amenable to 70 
developmental studies of calcification. Thus, serpulids offer a diverse array of 71 
biomineralisaton systems and a wealth of possibilities for the study of the evolution, 72 
development and ecological ramifications of biological calcification. 73 
The serpulid Spirobranchus lamarcki is an intertidal species common around the 74 
British Isles. It has a prominent operculum with a calcified end plate (Fig. 1). The operculum 75 
of S. lamarcki is a cup-shaped structure situated at the end of a stout peduncle. Peduncle 76 
and cup together comprise the opercular filament. The cup has a flat or concave distal end 77 
plate with a central spine. The plate and spine are lightly calcified. The operculum can be 78 
autotomised or amputated at a predetermined point halfway along the peduncle (the easy 79 
break point, Fig. 1C), after which it rapidly regenerates (Bubel et al. 1980; 1985; Szabó and 80 
Ferrier 2014). Previous studies of calcification in S. lamarcki were mainly carried out by 81 
Bubel and co-workers, who determined the mineralogy of the tube and the mature 82 
opercular plate (Bubel et al. 1983), examined the ultrastructure of the opercular plate and 83 
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its organic matrix (Bubel 1983; Bubel et al. 1983) and described histological and 84 
ultrastructural aspects of opercular regeneration (Bubel et al. 1980; 1985). 85 
According to Bubel (1983), the mature opercular plate consists of two structurally 86 
distinct calcified layers sandwiched between the opercular plate epithelium and an 87 
uncalcified organic layer. The outer calcified layer consists of an ordered array of prismatic 88 
crystals, while the inner layer is calcified with thin, needle-like crystals. Bubel (1983) 89 
observed that the mineral and the organic components of both layers appear to align well, 90 
indicating an important role for the organic matrix in structuring the calcified plate. The 91 
epithelial cells of the opercular plate extend microvilli into the calcified layers, and contain 92 
vesicles with what appear to be prism- or needle-like crystals inside. Bubel et al. (1983) 93 
determined the composition of the opercular plate as aragonitic. 94 
 Opercular regeneration after amputation at the easy break point begins with the formation 95 
of a swelling around the middle of the stump. The distal end of the stump gives rise to the 96 
spine, while the swelling develops into the cup. At 16°C, the swelling usually forms a distinct 97 
cup within 2–3 d, and calcification of the regenerating plate and spine is almost always 98 
apparent by day 3 (Szabó and Ferrier 2014). Bubel et al. (1985) dealt with the calcification of 99 
the plate during regeneration to some extent, noting needle-like calcification throughout 100 
the plate at mid-regeneration, and the appearance of the prismatic layer in late 101 
regenerates. They provided X-ray diffraction data for late regenerates, again observing an 102 
aragonitic composition, but did not address the mineralogy of earlier stages.   103 
Here, we investigate the development of the calcified plate during regeneration 104 
using optical microscopy, calcein labelling and X-ray diffractometry (XRD). Microscopic 105 
observations were used to document the general morphology of calcified plate elements 106 
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throughout regeneration, an aspect of plate calcification that is poorly imaged and difficult 107 
to interpret in  Bubel’s  work.  We  employed  in  vivo  calcein  labelling  to  trace  the  fate  of  108 
calcareous deposits formed at various regenerative stages. In addition, we obtained new 109 
XRD data from early and mid-regeneration stages not represented in previous work. 110 
 111 
Materials and Methods 112 
Spirobranchus lamarcki 113 
Rocks with adult Spirobranchus lamarcki living on them were collected from the rock pools 114 
at East Sands beach, St Andrews, Scotland between January 2012 and June 2013. Collected 115 
rocks were kept at ambient temperature in the seawater aquarium facilities of the Scottish 116 
Oceans Institute, Gatty Marine Laboratory, University of St Andrews, until needed. 117 
Experimental worms were removed from their tubes by breaking the posterior end of the 118 
tube, widening this hole and then pushing the worm backwards out of the posterior tube 119 
hole with blunt forceps. Detubed worms were placed in 9-cm plastic Petri dishes containing 120 
25–30 ml of filtered seawater (FSW; salinity 34) and kept in the dark in an air-conditioned 121 
room between 15–18°C. Every few days the FSW was replaced with fresh. The worms were 122 
not fed. For regeneration experiments, opercular amputations were carried out with a 123 
scalpel at the easy break point (Fig. 1C). Amputated worms were then maintained as before. 124 
Development of the calcified plate 125 
Regenerating opercula of various stages were initially photographed with a Nikon Coolpix 126 
4500 digital camera mounted on a dissecting microscope. To obtain more detail without 127 
disrupting unstable mineral phases, some regenerates were amputated, mounted in clean 128 
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FSW and imaged immediately using a Leica microscope equipped with differential 129 
interference contrast (DIC) optics. Imaging of plate calcification was done with a QImaging 130 
Retiga 2000R camera and ImagePro Insight® version 8. Figures for display were assembled 131 
and annotated in the GIMP 2.8. 132 
Calcein labelling 133 
To track the fate of the calcified plate throughout regeneration, we used the fluorescent 134 
calcium-binding dye calcein. Live worms were soaked in FSW containing 100 µg ml-1 calcein 135 
for 24-h periods during opercular regeneration. Excess dye was then removed with five 136 
changes of FSW, and the worms were allowed to continue regeneration until 14 d post-137 
operation (dpo). At that time, the regenerated opercula were removed and fixed in 4% 138 
paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 30 min at room 139 
temperature. After fixation, the specimens were washed three times with PBS, dehydrated 140 
through an ethanol series, and finally cleared in 60% glycerol. For imaging of opercular 141 
plates, the distal portion of the operculum was gently sliced off with a razorblade to allow 142 
mounting with the plate lying flat. Calcein-labelled specimens were imaged with the same 143 
microscope and software as described above. 144 
Opercular plate mineralogy 145 
To test whether the composition of the calcified plate material changes during regeneration, 146 
opercula of three stages were collected for powder X-ray diffraction (XRD) analysis. We used 147 
pooled samples of early calcifying (2–3 dpo, n = 220), strongly calcifying mid-regeneration (6 148 
dpo, n = 98) and non-regenerating (mature, n = 79) opercula. Opercula were removed with a 149 
scalpel and fixed in absolute ethanol. Further sample processing and analysis was carried 150 
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out in the Facility for Earth and Environmental Analysis (FEEA), School of Geography and 151 
Geosciences, University of St Andrews. Specimens were air dried, stripped of organic matter 152 
in a plasma asher, powdered and analysed with a Siemens D500 X-ray diffractometer using 153 
cobalt  Kα  radiation.  Data  were  recorded  for  5°  ≤  2θ  ≤  70°  in  steps  of  0.02°.  Step  times  were  154 
3 s for the mature, 5 s for the 6 dpo and 10 s for the 2–3 dpo sample. Semi-quantitative 155 
estimates of aragonite and calcite content were derived with Siroquant software, and the 156 
magnesium  content  (%  by  weight)  of  the  calcite  phase  was  estimated  based  on  Chave’s  157 
(1952) work. Diffractograms for display were generated with R 2.14 (R Development Core 158 
Team 2012) and annotated in the GIMP 2.8. 159 
 160 
Results 161 
The Spirobranchus lamarcki opercular filament regenerates rapidly, regaining all of its major 162 
morphological features by 4–6 dpo (Bubel et al. 1980; 1985; Szabó and Ferrier 2014), after 163 
which regeneration is completed by further growth and the development of pigmentation. 164 
The cup-shaped operculum and its distal plate begin to form by 2–3 dpo, and the first visible 165 
calcification appears soon after plate development starts (Fig. 1D). Initially, calcification is 166 
apparent  in  the  form  of  fine  grains  and  round  “tiles” around the base of the opercular spine. 167 
These tiles increase in number, grow and eventually contact one another to give the entire 168 
plate  a  “tiled”  appearance  (Fig. 1E). As the plate matures, the boundaries between tiles 169 
become less distinct (Fig. 1F). 170 
DIC imaging at higher magnification revealed several types of calcified structure in 171 
regenerating plates. All of the following structures displayed interference colours 172 
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characteristic of birefringent objects. 1. Elongated grains. The smallest discernible calcified 173 
structures have a smooth, rounded, often elongated appearance (Fig. 2A). Grains are on the 174 
order of a few microns, although they vary considerably in size (Fig. 2A and inset). Such 175 
grains are found on early regenerates that have just started calcifying, as well as 176 
surrounding tiles or at the edge of the calcified region in more mature opercula (Fig. 2B, C, 177 
E, H). 2. Simple tiles. Small, round tiles appear first in low numbers on early calcifying 178 
opercula (Fig. 1D, Fig. 2A). These are relatively smooth in appearance and were often seen 179 
merging (Fig. 2B). In more mature opercula, tiles increase in number and size. Grains were 180 
often seen in close association with tiles, although it can be difficult to discern whether they 181 
occur on top of, under, or within the tile (Fig. 2A, B). Sometimes, simple tiles appeared to 182 
contain a grain at the centre (Fig. 2B, small tile in Fig. 2C). 3. Large, irregular tiles with 183 
growth lines (Fig. 2E–F) or a fan-like appearance (Fig. 2D), occur on older regenerating 184 
plates. Fan-like structures are particularly common near the edge of the calcified plate and 185 
often display fine radial lines (Fig. 2D). 4. Contiguous plate with a rugged, complex 186 
appearance. In most older regenerates, the central area of the plate is entirely calcified with 187 
no large uncalcified gaps. Unlike newly formed tiles in young regenerates, the plate of older 188 
regenerates does not look smooth with DIC optics. Rather, it has a complex, granular 189 
appearance with uneven boundaries of larger tiles discernible (Fig. 2G). Tiles with visible 190 
growth lines lack this granularity, but they can appear within more rugged plate regions (Fig. 191 
2E–F). 192 
Calcein labelling tracks the formation of these structures. In early-labelled specimens given a 193 
pulse of calcein at 2–3 dpo and then allowed to regenerate until 14 dpo, fluorescence was 194 
limited to the central region of the plate and/or the base of the spine, and corresponded to 195 
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grains and small tiles (Fig. 3A, E). Pulses between 2–6 dpo generally resulted in compact, 196 
round regions or discrete ring shapes being labelled within the larger tiles forming the 14 197 
dpo plate (Fig. 3B, F). In later pulses, grains were rarer, ring-like fluorescence was closer to 198 
the tile edge and less regular, while fainter fluorescence was seen across the surface of large 199 
tiles (Fig. 3C–D and G–H). As seen in DIC images (Fig. 2), the outer edge of the labelled area 200 
resembles earlier stages in that it contains smaller, more disjointed tiles and more grains 201 
(Fig. 3B, F in particular). The centre of the plate and the spine always exhibit some staining 202 
regardless of the time of the pulse, but early pulses never produce fluorescence near the 203 
plate edge. 204 
XRD results indicate major changes in mineral composition as the plate matures (Fig. 4). 205 
Crystalline calcium carbonate could be detected at all stages (2–3 dpo, 6 dpo and mature), 206 
although the small amount of mineral in young regenerates rendered the signal weak 207 
compared to later stages (compare Fig. 4A to Fig. 4B and C). Mature (unoperated) opercula 208 
are  almost  entirely  aragonitic,  but  contrary  to  Bubel  et  al.’s  (1983)  report,  small  amounts  of  209 
high- and low-Mg calcite were detected (Fig. 4C–D). In contrast, early calcifying regenerates 210 
contained mostly high-Mg calcite (cca. 12–16% MgCO3), with aragonite in the minority and 211 
pure calcite undetectable (Fig. 4A, D). At mid-regeneration (6 dpo), plate mineral 212 
composition was intermediate between early and mature opercula (Fig. 4B, D). In 213 
diffractograms of mature plates, a small quartz peak was also discernible (Fig. 4A; see 214 
Discussion). 215 
 216 
Discussion 217 
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We have studied calcification in regenerating opercula of the serpulid Spirobranchus 218 
lamarcki. This species produces a multitude of calcified structures, including a mostly calcitic 219 
tube (Bubel et al. 1983), posterior abdominal calcifications of unknown mineralogy (pers. 220 
obs.; Thomas 1940; Hedley 1958) and a largely aragonitic opercular plate (Bubel et al. 1983; 221 
1985; this study).  222 
Like most examples of biological mineralisation, the opercular plate forms in a 223 
protected space, in this case between the plate epidermis and the cuticle. The first easily 224 
visible signs of calcification are areas covered in micrometre-scale grains, and larger, round 225 
tiles that are conspicuous even under a dissecting microscope. DIC imaging of these 226 
structures suggests that they are crystalline: even the smallest observable grains display 227 
interference colours characteristic of birefringent materials (Fig. 2A). The larger grains are 228 
elongated, rounded and shaped much like rice grains. Their orientations seem to be 229 
random, and they appear to occur in multiple tiers through the thickness of the plate (Fig. 230 
2A). Importantly, they are often seen in association with tiles, and sometimes appear to be 231 
inside tiles (Fig. 2B). 232 
The relationship between grains and tiles is not entirely clear from our observations. Grains 233 
certainly seem to contribute to tile growth, judging from their occurrence in/on and around 234 
expanding tiles (Fig. 2B–C, Fig. 3F). Calcein labelling revealed that unstained grains can 235 
obscure parts of tiles (Fig. 3F), which means they must be situated on top of the labelled 236 
region, although this could happen either with younger grains formed on top of a tile or 237 
with older grains that the tile grew under. Older regions of the plate can be very granular 238 
(Fig. 2G), suggesting that they may be composed of fused aggregations of grains that were 239 
 12 
 
not modified to align with one another in any way. Smoother structures in older plate 240 
regions can appear half-buried in this granular material (Fig. 2E–F). 241 
However, many tiles and other larger structures appear remarkably smooth (e.g. the 242 
“fans”  of  the  type  seen  in  Fig.  2D),  which  indicates  that  they may either incorporate grain 243 
material but completely remodel its structure, or grow in a grain-independent manner. 244 
Perhaps some of the otherwise smooth tiles with grains apparently inside them exemplify a 245 
stage  in  the  former.    Bubel’s  (1983)  electron  microscopic  observations  of  the mature 246 
opercular plate recorded two structurally different calcified layers with aragonite crystals of 247 
different shapes and orientations. It would be interesting to know how these ultrastructural 248 
layers relate to the larger-scale structures we have observed with light microscopy.  249 
Calcein labelling indicates that calcified structures stay in situ once formed, and plate 250 
calcification expands outward from the spine as the plate grows. In general, both in DIC and 251 
fluorescence images, the interior of the plate is clearly older than the edges. Tiles cease 252 
lateral growth when they encounter other tiles, but continue growing in the directions not 253 
impeded  by  the  contact  (Fig.  3F).  The  placement  of  tile  “cores”  appears  to  be  random;  while  254 
some early-labelled areas are in the middle of their respective tiles, others are much closer 255 
to one edge (Fig. 3E). Thus, if some sort of signalling system is involved in the development 256 
and differentiation of distinct cells with tile-producing capabilities, the system is not 257 
operating to produce a regular, evenly spaced pattern across the plate epidermis. 258 
Alternatively, if all plate epidermal cells are involved in deposition of calcified material, then 259 
they do so with highly variable rates and activities within the broader pattern of deposition 260 
starting at the base of the spine and progressing outwards. 261 
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Our  mineralogical  results  highlight  three  important  points.  First,  although  Bubel’s  262 
study reported only aragonite (Bubel et al. 1983), the opercular plates of S. lamarcki clearly 263 
contain more than one polymorph of calcium carbonate, and aragonite only becomes the 264 
dominant form later in regeneration. Second, the composition of opercular plate mineral 265 
changes radically during the course of regeneration. To our knowledge, this is the first 266 
developmental study of opercular plate mineralogy in any serpulid, making this result 267 
especially valuable. Third, consistent with the picture revealed by DIC microscopy, early 268 
calcification appears largely crystalline. In the spicules of the tunicate Pyura pachydermatina 269 
and the calcareous sponge Clathrina sp., amorphous calcium carbonate is the dominant 270 
phase and is apparent in powder diffractograms as a broad bump in the region where peaks 271 
for crystalline calcite would be (Aizenberg et al. 1996). While background is generally high in 272 
our early sample, a comparable bump is not evident in Fig. 4A. 273 
Regarding the composition of the mature plate, contamination from other organisms 274 
or even non-biological sources must be considered. Our results from mature opercula 275 
contain a peak for quartz, which is most likely derived from environmental sand. To our 276 
knowledge, quartz (crystalline silica) formation by a living organism has never been 277 
reported, although hard parts made of amorphous silica are found in numerous taxa 278 
including sponges, diatoms and land plants (Lowenstam and Weiner 1989; Knoll 2003). With 279 
regards to the detection of low-Mg calcite, mature opercula are also associated with a wide 280 
range of commensal organisms; although every effort was made to remove such organisms, 281 
it is impossible to completely exclude them from wild-collected opercula. Few reports exist 282 
on the magnesium content of calcite in serpulid opercula, but where such measurements 283 
have been made (reviewed by Smith et al. 2013), the calcitic components of both tubes and 284 
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opercula usually incorporate a medium to high percentage of magnesium carbonate. 285 
Therefore, the sudden appearance of low-Mg calcite in mature opercula should be treated 286 
with caution until it is confirmed by further research. 287 
The huge developmental shift in mineralogy is interesting and bears further 288 
investigation. Such changes are common in organisms that use more than one mineral 289 
phase in their hard parts. For example, some molluscs have calcitic components in their 290 
adult shells, which are deposited after the formation of the aragonitic larval shell (e.g. 291 
Medaković  et  al.  1997),  and  the  radular  teeth  of  chitons  deposit  several  distinct  mineral  292 
phases at different developmental times (Kirschvink and Lowenstam 1979). In bryozoans 293 
whose skeletons contain both aragonite and calcite, the presence of aragonite in particular 294 
skeletal elements can vary by zooid age (Taylor et al. 2008). 295 
A more interesting possibility is that high-Mg calcite transforms directly into 296 
aragonite. While amorphous precursors in biomineralisation have been a popular area for 297 
research, transformations of one crystalline polymorph into another are discussed less 298 
often. Lowenstam and Weiner (1989) review a handful of examples, including vaterite to 299 
aragonite transformations in snails and the replacement of octacalcium phosphate with 300 
dahllite  in  vertebrates.  More  recently,  Taylor  et  al.’s  (2008)  investigation  of  bimineralic  301 
bryozoan skeletons found that the growing edges of the otherwise calcitic basal walls of 302 
Pentapora foliacea skeletons are made of aragonite, suggestive of a subsequent 303 
transformation into the calcite that makes up older parts of the wall. However, the opposite 304 
transformation is thermodynamically unfavourable and has only been reported from in vitro 305 
systems thus far (Cheng et al. 2008; Huang et al. 2012). In S. lamarcki, a certain amount of 306 
recrystallisation probably happens during plate development as randomly oriented grains 307 
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are incorporated into smooth tiles, but we do not currently know how these two kinds of 308 
structure compare in terms of composition. A clear avenue for future research is the 309 
application of high-resolution methods such as Raman spectroscopy, which could provide 310 
information about the spatial distribution of different polymorphs in relation to the visible 311 
structures. 312 
Spectroscopic methods would also help us elucidate whether the absence of 313 
amorphous precursors is real or due to the limitations of our methods. Amorphous or poorly 314 
crystalline precursors are increasingly recognised as a common and important feature of 315 
diverse biomineralisation systems (Addadi et al. 2003) including the apatite-based tooth 316 
enamel of vertebrates (Beniash et al. 2009), the aragonitic larval shells of molluscs (Weiss et 317 
al. 2002), the calcitic larval spicules of sea urchins (Beniash et al. 1997), and the bimineralic 318 
tubes of juvenile serpulids (Chan et al. 2013). However, ACC in most circumstances is highly 319 
unstable, and as a transient precursor phase it may not be present in large quantities. 320 
Therefore, although we observed birefringence even in our fresh, unfixed specimens, and all 321 
of our XRD samples showed distinct calcite and aragonite peaks, our results cannot be used 322 
to definitively exclude the presence of ACC in S. lamarcki. 323 
Bubel’s  observation  of  vesicles  containing  crystals  in  plate  epithelial  cells  indicates  324 
that ACC, if present, is replaced by crystalline mineral before deposition into the plate 325 
matrix.  Nonetheless,  “amorphous”  biominerals  do  in  fact  display  a  short-range order 326 
reminiscent of their crystalline counterparts (Addadi et al. 2003; Cartwright et al. 2012), and 327 
Beniash et al. (2009) observed that the amorphous phase in immature mouse enamel 328 
already assumes the form of the mature crystals. Thus, the appearance of crystals in an 329 
electron micrograph is not necessarily indicative of true crystalline nature. 330 
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The calcified opercular plate of S. lamarcki is an easily accessible organ for the study 331 
of annelid biomineralisation. It has a number of interesting features, such as a mixture of 332 
calcite and aragonite polymorphs and a major developmental change in their proportions. 333 
Although we found evidence of crystalline material from the earliest stages of plate 334 
development, further research with more sensitive techniques is needed to clarify whether 335 
an amorphous precursor phase is present at levels too low to be detected by our methods. 336 
It will also be interesting to elucidate the relationship between calcium carbonate 337 
polymorphs and the diverse structures observed throughout plate development, and 338 
determine how polymorph selection is regulated at the ultrastructural and molecular levels. 339 
The S. lamarcki operculum has great potential to contribute to our understanding of 340 
biomineralisation in calcifying annelids. 341 
  342 
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 Fig. 1 
Spirobranchus lamarcki and the calcified opercular plate. A. Spirobranchus sp. in its natural 
habitat. White and dark banded tentacles extended; rest of worm hidden in calcareous 
tube. Photographed in an intertidal rock pool at Castle Sands, St Andrews, Scotland. Scale ~ 
5 mm. B. Adult S. lamarcki removed from tube. Left lateral view, anterior towards the top. 
C. Close-up of mature opercular filament from B. Major anatomical structures labelled. 
Dotted line marks easy break point (autotomy plane and experimental amputation site). 
Scale bars in B–C ~ 1 mm. D–F development of the calcified plate during regeneration. D. 
Early calcification in a regenerating operculum 3 d post-operation (dpo). Whitish band 
around base of spine is composed of small crystalline grains (see Fig. 2 for details). 
Arrowheads mark “tiles”. E. 6 dpo operculum with plate showing pronounced tiling. F. 18 
dpo opercular plate with a nearly smooth appearance. Scale bars in D–F ~0.5 mm 
)LJXUH
 Fig. 2 
Features of plate calcification. Details of fresh opercular plates imaged with differential 
interference contrast (DIC) optics unless otherwise indicated. Scale bars are 20 µm. A. 
Grains and small tile from base of spine on a 2 dpo specimen. Reddish background is from 
opercular blood vessel. Inset (same scale) shows smaller grains at edge of calcifying area 
from same operculum. B. Extended depth of field (EDF) image of three merging tiles from a 
3 dpo specimen. Arrows indicate sites of contact. Arrowheads indicate grains associated 
with tiles. C. Edge of the calcified plate of a 4 dpo specimen. D. Edge of 10 dpo plate 
showing large fan-shaped structures. E. Large tile displaying growth rings (arrowheads) in 
central region of a 10 dpo plate. F. Brightfield image of the tile in E with growth lines 
indicated. G. Central area of 14 dpo plate. H. Edge of plate in specimen from G. 
)LJXUH
  
Fig.3 
Calcein-labelled opercular plates. A–D Overview of calcein staining. Panels are composites of 
calcein (green) and DIC images of opercular plates taken with EDF. All pictured specimens 
fixed at 14 dpo; pulse time is indicated in each panel. Dashed white lines indicate 
approximate outline of total calcified area. Scale bars 250 µm. A. 2–3 dpo pulse. B. 4–5 dpo 
pulse. C. 7–8 dpo pulse. D. 8–9 dpo pulse. E–H Details of calcein staining. Scale bars 50 µm. 
E-F are single-focus images, G–H are EDF image stacks. Dashed lines are tile outlines visible 
in corresponding DIC image (E–H) and edge of calcified area (G). E. Spine base of 2–3 dpo 
specimen. F. 4–5 dpo pulse (same specimen as B). Arrowheads show unstained grains 
obscuring ring-like staining in tiles. Bright area to top left is the spine. G. 7–8 dpo pulse 
(same specimen as C). H. 9–10 dpo pulse. Centre of plate is towards top left. 
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 Fig. 4 
Development of opercular plate 
mineralogy. A–C X-ray 
diffractograms of plate mineral 
extracted from two regeneration 
stages and non-regenerating 
opercula. Intensities scaled to the 
highest peak in each sample (not to 
scale between samples). ARA = 
aragonite, LMC = low-Mg calcite, 
HMC = high-Mg calcite (12–16% 
w/w MgCO3). A. Early calcifying (2–3 
dpo) opercula (n = 220). B. 6 dpo 
specimens (n = 98). C. Mature 
opercula (n = 79). Quartz peak (Q) 
probably due to environmental 
sand contamination. D. Percentage 
composition of opercular plate 
mineral estimated from data in A–C. 
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